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SPECIFICATION 

Electronic Version 1.2.8 
Stylesheet Version 1.0 

[METHOD and DEVICE FOR 
CALIBRATION of DUAL-AXIS 
TILT METER] 

Background of Invention 

[0001] Field of the Invention 

[0002] The present invention concerns downhole/borehole gravity meters that sense 

variation in gravitational fields. More particularly, the present invention is directed to a 
dual-axis tilt meter employed in subsurface oil exploration and retrieval. 

[0003] Background Art 

[0004] Gravity meters have been employed to measure characteristics of geologic 
formation and are used in the exploitation of hydrocarbon reservoirs found in 
geologic formations, commonly referred to as oil exploration and retrieval. 
Specifically, exploitation of hydrocarbon reservoirs involves characterizing oil, gas, 
and /or water. 

[0005] Characterization of oil and gas in a hydrocarbon reservoir can be monitored as a 
function of gravity by analyzing borehole and surface gravity data. To that end, 
borehole gravity data is used to map out the vertical distribution of oil and gas at a 
well and surface gravity data can be employed to characterize the area of distribution. 

[0006] Typically, borehole gravity surveys involve measuring gravity at differing locations 
in a borehole, which typically correspond to different vertical distances from the 

surface. The difference in gravity 

(^) 

and the difference in vertical distance 
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between two successive locations yield sufficient information to determine the bulk 
density of an area of the geologic formation adjacent to the borehole. The information 
concerning bulk rock density is mapped to determine the vertical distribution of oil 
and gas as the reservoir is exploited. 

[0007] As a result, gravity measurements are typically monitored in the microgal 

or nano-g range to ensure useable data that provides an indication of untapped 
pockets of oil or gas in the aforementioned area. This level of resolution in gravity 
measurements requires a highly precise gravity sensor and carefully implemented 
measuring techniques. For instance, the gravity sensor must be oriented so that the 
sensitive axis of the sensor is parallel to a vertical line representing the direction of 
gravity and commonly referred to as the plumb line. 

[0008] To assist in properly aligning gravity sensors, many gravity meters include a tilt 
meter. The tilt meter is employed to minimize inclination of the gravity sensor" s 
sensitive axis with respect to the plumb line. The tilt meter, however, must be 
properly aligned with respect to the gravity sensor for best results. Further,, the 
relative alignment of the tilt meter and the gravity sensor should be checked 
periodically as the same may vary due to shock or vibration that occurs during field 
operations, particularly during transportation and handling. Another related issue is 
the sensitivity of the tilt meter, which may also change over time due to aging of the 
tilt meter and electronic components. In order to correct for these problems, the tilt 
meter is preferably calibrated prior to a gravity survey. 

[0009] An exemplary gravity meter that includes the tilt meter/gravity sensor 

combination is available from SCINTREX under the trade name CG-3. The CG-3 is a 
surface gravity meter, and the calibration method employed includes calibrating each 

tilt axis separately, with the axis orthogonal thereto remaining fixed. The gain and 

offset of the calibration on each tilt axis are computed separately. The deviation from 

the plumb line is computed first, providing a calibrated offset value. The gain or 

sensitivity is then computed as a result of the calibrated offset value. 

[0010] 

A drawback with the aforementioned calibration technique is that the same is 
difficult to employ in a subsurface gravity measurement tool, because calibrating the 
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gravity tool based upon a fixed orthogonal axis introduces errors. 

[001 1] A need exists, therefore, to provide a method and a system to calibrate a gravity 
tool to provide accurate subsurface gravity measurements. 

Summary of Invention 

[0012] The invention provides a method for calibrating a subsurface gravity measurement 
device having a tilt meter and a gravity sensor. The method comprises associating tilt 
information produced by the gravity sensor as a function of tilt information produced 
by the tilt meter and an initial correction parameter; producing tilt data with the tilt 
meter, and gravity data, corresponding to the tilt data, with the gravity data being 
produced by the gravity sensor; fitting the tilt data and the gravity data to a 
polynomial equation, with the polynomial equation having a plurality of initial 
coefficients associated therewith, the initial coefficients including information 
concerning the initial correction parameter; and deriving a correction parameter as a 
function of the initial coefficients. 

[001 3] The invention provides a method for calibrating, with respect to a plumb line, a 
gravity measurement device having a tilt meter and a gravity sensor. The method 
comprises associating tilt information produced by the gravity sensor as a function of 
a relationship between tilt information produced by the tilt meter and an initial 
correction parameter; orientating the tilt meter in a plurality of differing angular 
positions with respect to the plumb line, defining tilt data; measuring, with the gravity 
sensor, gravity information at each of the angular positions, defining gravity data; 
fitting the tilt data and the gravity data to a polynomial equation, with the polynomial 
equation having a plurality of initial coefficients associated therewith, the coefficients 
including information concerning the correction parameter; determining values for the 
plurality of initial coefficients using a least-squares regression; and deriving a 
correction parameter as a function of the coefficient values. 

[0014] 

The invention provides a subsurface gravity measurement device, comprising a 
body; a tilt meter connected to the body to produce tilt data concerning angular 
positions the tilt meter forms with respect to a direction of gravity, with the direction 
of gravity defining a plumb line; a gravity sensor connected to measure the gravity 
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and to produce information corresponding thereto, defining gravity data, with the 
information being a function of an angle the gravity measurement device forms with 
respect to the plumb line, defining tilt information; a processor in data 
communication with both the gravity sensor and the tilt meter; and a memory in data 
communication with the processor, the memory including a computer readable 
program to be operated on by the processor that includes a first subroutine to define 
a relationship between the tilt information produced by the gravity sensor and both 
the tilt data and an initial correction parameter, and a second subroutine to fit the tilt 
data and the gravity data to a polynomial equation, with the polynomial equation 
having a plurality of initial coefficients associated therewith, the initial coefficients 
including information concerning the correction parameter, and a third subroutine to 
derive a correction parameter as a function of the initial coefficients. 

Brief Description of Drawings 

[001 5] Fig. 1 is a simplified plan view of the gravity measurement device in accordance 
with the present invention; 

[001 6] Fig. 2 is a graph showing the orientation of the X-axis of a gravity sensor included 
in the gravity measurement device of Fig. 1 with respect to a direction of gravity; 

[0017] Fig. 3 is a graph showing the orientation of the Y-axis of a gravity sensor included 
in the gravity measurement device of Fig. 1 with respect to a direction of gravity; 

[001 8] Fig. 4 is a flow diagram showing a method of calibrating the gravity meter shown 
in Fig. 1 in accordance with one embodiment of the present invention; and 

[0019] Fig. 5 is a flow diagram showing a method of calibrating the gravity measurement 
device shown in Fig. 1 in accordance with an alternate embodiment of the present 
invention. 

Detailed Description 

[0020] 

Referring to Fig. 1 , a gravity measurement device 1 0 in accordance with one 
embodiment of the present invention is suitable for downhole gravity measurements 
typically employed in the exploitation of hydrocarbon reservoirs found in naturally 
occurring geologic formations. To that end, gravity measurement device 10 includes a 
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gravity sensor 1 2 and a tilt meter 1 4 connected to a common body 1 6 to fix the 
relative position of gravity sensor 1 2 and tilt meter 1 4. Gravity sensor 1 2 may be any 
known gravity sensor in the art, such as a spring-mass-type, falling body/free-fall- 
type, pendulum-type and the like. Tilt meter 14 may be any tilt meter known in the 
art, such as an electronic pendulum-type, electronic bubble-type and the like. Tilt 
meter 1 4 is capable of sensing angles of inclination in two orthogonal axes. To that 
end, tilt meter 1 4 includes an X-axis tilt sensor 1 4a and a Y-axis tilt sensor 1 4b. 
Gravity sensor 1 2 and tilt meter 1 4 are coupled together so that tilt meter 1 4 is able 
to sense any change in the angle of inclination of gravity sensor 1 2. As a result, both 
gravity sensor 12 and tilt meter 14 are fixedly attached to body 16. Operation of 
gravity measurement device 1 0 is controlled by a processor 1 7 operating on a 
computer readable program stored in a memory 19 that is in data communication 
with processor 1 7. The processor 1 7 is in data communication with both gravity 
sensor 12 and tilt meter 14. 

[0021] Referring to both Figs. 1 and 2, to ensure gravity sensor 12 provides accurate 
measurements, the angle of inclination that gravity sensor 1 2 has with respect to a 
direction of gravity, 

9 

,referred to as a plumb line, is determined. Specifically, gravity sensor 12 is sensitive 

to the position of the two transverse axes, both of which are orthogonal to the plumb 

line. Assuming that the plumb line extends along the Z-axis, the transverse axes are 

defined to be along the X and Y-axes. To obtain accurate measurements of gravity, it 

is important to determine the inclination angle 0 , between the gravity sensor 12"s 

x 

X-axis and the plumb line. Similarly, accurate gravity measurements by gravity sensor 
12 are also dependent upon knowing the inclination angle, 0 , between the gravity 
sensor 12"s Y-axis and the plumb line, shown more clearly in Fig. 3. 

[0022] 

Referring to Figs. 1 -3, to that end, tilt meter 1 4 is employed to determine the 

angles of inclination 0 and 0 . However, this assumes that the sensing axes of tilt 

x y 

meter 14 are aligned with the sensing axes of gravity sensor 12. This is not always the 
case. Assuming that perfect alignment always exists between the sensing axes of the 
tilt meter 14 and the sensing axes of gravity sensor 12 is problematic, as this 
alignment may change over the operational life of gravity measurement device 1 0. 
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This introduces errors in the gravity measurement made by gravity sensor 12. 



[0023] To abrogate errors in gravity measurements made by gravity sensor 12, a 

calibration procedure is employed to define the relationship between inclination 

angles 0 and 0 and tilt measurements X and Y sensed by tilt meter 14. 
x y mm 



[0024] 

For example, the relationship between 0 and 0 and the measured tilt angles X 

x y 

and Y may be defined as follows: 
m m 



(1) 



(2)where 

and e are the gain and offset values, respectively, associated with measurements 

x 

along the X-axis. The variables k and e are the gain and offset values, respectively, 

y y 

associated with measurements along the Y-axis. The values k , e are correction 

x x 

parameters that define the difference between the inclination 0 and tilt 

measurement X . Likewise the values k , e are correction parameters that define 
m y y 

the difference between the inclination 0 and tilt measurement Y . These 

y m 
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correction parameters are referred to collectively as correction parameters k, e . 

[0025] Were gravity sensor 1 2 aligned so that 0 and 0 were 0 ° , the gravity 

x y 

measurement, R , would be a maximum value. From the foregoing it can be shown 

that the measured gravity, R is defined as follows: 

m 

(3) where 

9 

is the average gravity in the region. Since angles 0 and 0 are small and measured 

x y 

in radians, a cosine approximation is employed that abrogates the higher order terms 
so that Equation (3) may be expressed as follows: 



(4) 



[0026] Again the smallness of angles 0 ^ and 0 allows abrogation of the higher order 
terms so that equation (4) may be expressed as follows: 

(5) 

[0027] Substituting the values for 0 and 0 from Equations (1) and (2), Equation (5) is 

x y 

expressed as follows: 



(6) 

[0028] It is seen that Equation (6) is a polynomial having the general form as follows: 
(7) 



[0029] 



The polynomial has a plurality of coefficients associated therewith: a, b, c, d and 
e. The values of coefficients a, b, c, d and e may be ascertained employing a linear 
least-squares regression. Knowing the values of the coefficients a, b, c, d and e, the 
correction parameters k, e may be derived by solving for k and e in both the X-axis 
and Y-axis as follows: 



(8) 



App_ID=10065035 



Page 7 of 21 



JL O O & 5 Q 3 5 « O ^ Ji. i? O 5 



" "-ST- 
(9) 

(10) 

cf 

(11) 

[0030] The value for the correction parameter may be substituted into Equations (1) and 

(2) to determine the inclination angles 0 and 0 . Thereafter, the inclination angles 

x y 

are included in the gravity measurement performed by gravity sensor 1 2, using well- 
known techniques. In this fashion gravity measurement device 1 0 is calibrated to 
provide accurate gravity measurements in any environment. Further accuracy could be 

ensured by appropriately weighting the measurements R . For example, gravity 

m 

measurements, R , made at the varying angles X and Y may be weighted so 
m mm 

that the weight given to a particularly gravity measurement, R , is inversely 

m 

proportional to the standard deviation of the gravity associated with the 
measurement. 

[0031] Referring to Figs. 1 and 4, as discussed above, the operation of gravity 

measurement system 10 is under control of processor 17 operating on a computer 
readable program stored in memory 19. To that end, the computer readable program 
may be programmed using any language known in the computer art to include the 
subroutines necessary to carryout the calibration of the gravity measurement device 
10 in accordance with the present invention. 

[0032] j n Qne emDOC |j men ^ the computer readable program stored in memory 19 would 

facilitate a method of calibrating gravity measurement device 1 0 by associating tilt 

information produced by gravity sensor 1 2 as a function of tilt information produced 

by the tilt meter 14 and correction parameters k e , at step 100. At step 102, tilt meter 

14 produces tilt data and gravity sensor 12 produces gravity data that corresponds to 

the tilt data. Specifically, a plurality of gravity measurements, R , are made by 

m 

gravity sensor 1 2 at pairs of tilt angles X and Y . The number of differing tilt 

m m 

angles X and Ym at which gravity measurements are made is typically no less than 
m 

five, i.e., m = l -5. At step 1 04, the tilt data and gravity data produced at step 1 02 are 
fitted to a polynomial equation that has a plurality of initial coefficients, a, b, c, d, and 
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e, associated therewith. This fitting is performed employing a least means-squared 

regression. Initial coefficients, a, b, c, d, and e, include information concerning 

correction paratmeters k e . At step 1 06, correction parameters k, e are derived as a 

function of initial coefficients a, b, c, d, and e. At step 108, inclination angles 0 and 

x 

0 , are deterined based upon the correction parameters, k e . Thereafter, gravity 
measurement device 10 may be employed to make gravity measurements based upon 

the known value of inclination angles 0 and 0 

x y 

[0033] In accordance with another embodiment of the present invention, an additional 

step may be included in the method discussed with respect to Fig. 4 in which a 

measurement of the goodness fit of the polynomial in Equation (7) is determined. The 

goodness fit measurement may be performed by employing a chi-square statistic 

defined as follows: 

x A - (*£ +&t w j >? , 

(1 2) wherein 

is the weighing factor mentioned above. The smaller the value of X 2 the better the 
goodness fit of the underlying polynomial equation and, hence, the accuracy of the 

inclination angles 0 and 0 
x y 

[0034] Considering that the value of X 2 decreases as the number of gravity 

measurements increase, in another embodiment, a normalized chi-square statistic, 

may be employed. In this manner, the normalized chi-square statistic is defined as 
follows: 

(1 3) where N is the number of gravity measurements, and n is the number of unknown 
parameters. In this case the number of unknown parameters is five: a, b, c, d and e. 
The closer the value of 

xl 

is to 1 , the more accurate the determination of inclination angles 0 and 0 

x y 

2 

Referring to Fig. 5, in yet another embodiment of the present invention, the X 
measurement may be analyzed over time during the operation of gravity measurement 

device 10. In this manner, a calibration history may be obtained to determine whether 



[0035] 
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there has been any change in the relative position of tilt meter 14 with respect to 
gravity sensor 12 and, if necessary, recalibration of gravity measurement device may 
be achieved. A method to that end, would include steps 200, 202, 204, 206, which are 
identical to steps 1 00, 1 02, 1 04 and 1 06, mentioned above with respect to Fig. 4. 

[0036] Referring again to Fig. 5, at step 208, additional tilt data and gravity data are 

produced. The additional tilt and gravity data may or may not occur at the same 

inclination angles X and Y from which the initial coefficient values are based. At 
m m 

step 21 0, the additional tilt and gravity data produced at step 208 are fitted to an 
additional polynomial equation that has a plurality of additional coefficients, a\ b\ c\ 
d 1 and e\ The goodness fit measurement may be made employing either the non- 
normalized or the normalized chi-square statistic mentioned above. At step 214, the 
initial goodness fit measurement is compared with the additional goodness fit 
measurement to determine whether the initial goodness fit measurement has a value 
closer to 1 than the additional goodness fit measurement. If this is the case, an initial 
coefficient is used at step 216 and the calibration ends at step 21 8. Otherwise, the 
correction parameters k, e are derived as a function of the additional coefficients at 
step 220. This process may be repeated periodically based upon the passage of a 
predetermined amount of time or the occurrence of a predetermined quantity of 
gravity measurements, or both. 

[0037] For the purposes of this specification it will be clearly understood that the word 

"comprising"means "including but not limited to", and that the word "comprises"has a 
corresponding meaning. 

[0038] While the invention has been described with respect to a limited number of 

embodiments, those skilled in the art, having benefit of this disclosure, will appreciate 
that other embodiments can be devised which do not depart from the scope of the 
invention as disclosed herein. Accordingly, the scope of the invention should be 
limited only by the attached claims. 

[0039] 
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